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a leakage current due to a defect layer and having a small
fluctuation 1n a threshold voltage, included are an n-type
epitaxial film layer formed on a surface of the single crystal
n-type semiconductor substrate and having a concave por-

tion and a convex portion; an insulating film formed on a

first region 1n a top portion of the convex portion; a p-type
thin film layer formed on a surface of the insulating film and

a surface of the n-type epitaxial film layer to form a pn
junction between the p-type thin film layer and the n-type
epitaxial film layer; and an anode electrode, at least part of
which 1s formed on a surface of the p-type thin film layer and
part of which passes through the p-type thin film layer and
the msulating film.
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POWER SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application i1s based on PCT filing PCT/
JP2018/0465778, filed Dec. 18, 2018, which claims priority
to JP 2018-022222, filed Feb. 9, 2018, the entire contents of

cach are incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to a power semiconductor
device.

BACKGROUND ART

A Schottky barrier diode (referred to as an SB diode
hereinafter) structure and a merged P-1-n/Schottky diode
(referred to as an MPS diode hereimnafter) structure in which
a Schottky junction and a pn junction are provided are
developed to increase withstand voltage and capacity of a
diode element.

There 1s a method using a single crystal wide-gap semi-
conductor material such as gallium oxide and aluminum
nitride as a method of increasing the withstand voltage of the
diode element. When 1t 1s diflicult to make the single crystal
wide-gap semiconductor material be of p-type, there 1s a
method of achieving a pn junction by bonding a p-type
semiconductor made up of a material different from an
n-type single crystal wide-gap semiconductor to the n-type
single crystal wide-gap semiconductor by a hetero junction.

When the hetero junction by different materials 1s
achieved, a trench needs to be formed 1n a single crystal
wide-gap semiconductor material which 1s to be an n-type
semiconductor and a p-type semiconductor material needs to
be embedded in the trench to ethiciently achieve an electric-
field-limiting structure.

An MPS diode disclosed 1n Patent Document 1 includes
a Schottky junction and a pn junction, and a pn junction part
performs a bipolar operation, thus a voltage drop can be
reduced 1n an occurrence of a serge current, and forward
direction serge tolerated dose 1s improved compared with an
SB diode.

In a semiconductor device 1n Patent Document 2, a trench
1s formed 1n an n-type semiconductor and a p-type semi-
conductor material 1s embedded 1n a lower region of the
trench to form a hetero junction. Furthermore, an oxide layer
1s provided 1n an upper region of the trench and the n-type
semiconductor in the upper region of the trench and a
contact layer are separated from each other, thus an electric-
field-limiting structure 1s achieved.

In the semiconductor device in Patent Document 2, a
defect 1s formed 1n the n-type semiconductor due to etching
in forming the trench. Furthermore, a crystal orientation of
a side surface of the trench 1s not a main surface, so that a
defect density increases compared with a case where a
crystal orientation of an interface 1s a main surface.

The defect caused by the etching process and the crystal
orientation of the interface causes increase 1 a leakage
current. That 1s to say, there 1s a problem that part having a
high defect density 1s formed near a surface of a semicon-
ductor and a Schottky junction interface 1s formed near the
part having the high defect density, thus a fluctuation in a
threshold voltage and increase 1n a leakage current occur as
a whole device.
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In a semiconductor device in Patent Document 3, an
isulating film 1s disposed between a pn junction interface
and an anode electrode, and a leakage current from the pn
junction interface in a reverse bias 1s reduced. However, in
the semiconductor device 1in Patent Document 3, there 1s a
problem that potential on a n-type semiconductor side
fluctuates at the pn junction interface 1n accordance with a
fluctuation in a potential difference in the Schottky junction
formed between the n-type semiconductor and the anode
clectrode and the leakage current increases.

PRIOR ART DOCUMENTS

Patent Documents

Patent Document 1: Japanese Patent Application Laid-
Open No. 2015-065469

Patent Document 2: Japanese Unexamined Patent Appli-
cation Publication (Translation of PCT Application) No.
2008-519447

Patent Document 3: Japanese Patent Application Laid-
Open No. 2013-222798

SUMMARY

Problem to be Solved by the Invention

The present invention therefore has been made to solve
the above problems, and it 1s an object to provide a power
semiconductor device reducing a leakage current due to a
defect layer and having a small fluctuation 1n a threshold
voltage.

Means to Solve the Problem

A power semiconductor device according to the present
invention includes: a single crystal n-type semiconductor
substrate; an n-type epitaxial film layer formed on a surface
of the single crystal n-type semiconductor substrate and
having a concave portion and a convex portion; a cathode
clectrode formed on a surface on an opposite side of the
surface of the single crystal n-type semiconductor substrate;
an msulating film formed on a first region 1n a top portion of
the convex portion; a p-type thin film layer formed on a
surface of the insulating film and a surface of the n-type
epitaxial film layer to form a pn junction between the p-type
thin film layer and the n-type epitaxial film layer; and an
anode electrode, at least part of which 1s formed on a surface
of the p-type thin film layer and part of which passes through
the p-type thin film layer and the msulating film to form a
Schottky junction between the anode electrode and the
n-type epitaxial film layer 1n a second region which 1s
separated from an edge portion of the top portion by the first
region.

tects of the Invention

[T

According to the present invention, a power semiconduc-
tor device reducing the leakage current due to the defect
layer and having the small fluctuation in the threshold
voltage can be provided.

BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1A to 1C Configuration diagrams of a power
semiconductor device according to an embodiment 1 of the
present invention.
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FIGS. 2A to 2C Cross-sectional views of an n-type
epitaxial film layer according to the embodiment 1 of the

present mvention.

FIG. 3 A cross-sectional view illustrating a pn junction
region, a Schottky junction region, and an insulating region
in the power semiconductor device according to the embodi-
ment 1 of the present invention.

FIG. 4 A cross-sectional view 1llustrating a main portion
ol the power semiconductor device according to the embodi-
ment 1 of the present invention.

FIGS. 5A to 5F Diagrams 1llustrating a state aiter each
manufacturing process ol the power semiconductor device
according to the embodiment 1 of the present invention.

FIGS. 6A and 6B Configuration diagrams of a power
semiconductor device according to an embodiment 2 of the
present mvention.

FIGS. 7A to 7G Diagrams 1illustrating a state after each
manufacturing process ol the power semiconductor device
according to the embodiment 2 of the present invention.

FIGS. 8A and 8B Configuration diagrams of a power
semiconductor device according to an embodiment 3 of the
present invention.

FIGS. 9A to 9F Diagrams 1llustrating a state after each
manufacturing process of the power semiconductor device
according to the embodiment 3 of the present mnvention.

FIGS. 10A to 10C Configuration diagrams of a power
semiconductor device according to an embodiment 4 of the
present mvention.

FIGS. 11 A to 11F Diagrams 1llustrating a state after each
manufacturing process ol the power semiconductor device
according to the embodiment 4 of the present invention.

DESCRIPTION OF EMBODIMENT(S)

Embodiment 1

Embodiments of the present invention are described in
detail using the drawings hereinafter. The embodiments
described below are in all aspects 1llustrative and does not
restrict the ivention.

Each of FIGS. 1A to 1C 1s a configuration diagram of a
power semiconductor device 100 according to an embodi-
ment 1 of the present invention. An X axis, a y axis, and a
7 axis, which are coordinate axes of three-axis rectangular
coordinate system are 1llustrated 1n FIG. 1A, FIG. 1B, and
FIG. 1C. FIG. 1A 1s a planar view of the power semicon-
ductor device 100. FIG. 1B 1s a cross-sectional view of the
power semiconductor device 100 showing a cross section at
a surface BB' in FIG. 1A. FIG. 1C 1s a cross-sectional view
of the power semiconductor device 100 at a surface PP' (the
surtace PP' 1s parallel to a surface xz) i FIG. 1B.

A positive direction of the y axis 1s referred to an upper
direction hereimnafter. A negative direction of the y axis 1s
referred to a lower direction. A single crystal n-type semi-
conductor substrate 1 1s disposed to be parallel to the surface
XZ.

A surface of each constituent element on a side of the
positive direction of the v axis 1s referred to as an upper
surface (front surface), and a surface of each constituent
clement on a side of the negative direction of the y axis 1s
referred to as a lower surface. A portion of the constituent

clement constituting a boundary with the outside 1s referred
to as an external surface of the constituent element 1n some
cases.

The power semiconductor device 100 1s made up of the
single crystal n-type semiconductor substrate 1. A cathode
clectrode 6 1s formed on a lower surface of the single crystal
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n-type semiconductor substrate 1, and an n-type epitaxial
film layer 2, an 1nsulating layer 4, a p-type thin film layer 3,
and an anode electrode 5 are formed 1n layers on an upper
side of the single crystal n-type semiconductor substrate 1.

The power semiconductor device 100 and the constituent
clements thereof have a rotationally symmetrical shape,
however, the shape 1s not limited thereto. Each of FIGS. 2A
to 2C 1s a cross-sectional view of the n-type epitaxial film
layer 2 according to the embodiment 1. Each of FIG. 2A,
FI1G. 2B, and FIG. 2C illustrates a cross section at the surface
BB' of the n-type epitaxial film layer 2, and a reference
number 1s assigned to each portion.

A name of each portion of the n-type epitaxial film layer
2 1s described heremafter. An upper surface of the n-type
epitaxial film layer 2 1s divided into two portions, and the
two portions are referred to as a concave portion 50 and a
convex portion 51 as 1illustrated i FIG. 2A and FIG. 2C. In
the surface xz, the concave portion 50 between the convex
portions 31 1s referred to as a groove portion, the concave
portion 50 between the convex portion 51 and an outer edge
514 of the n-type epitaxial film layer 2 1s referred to as a
mesa bottom portion 52.

FIG. 2B illustrates a concave portion 31-1 which is the
concave portion 51 having an 1sland shape and a concave
portion 51-2 which 1s the concave portion 51 having an
annular shape.

Herein, the outer edge 514 1s an end portion in the surface
xz of the n-type epitaxial film layer 2 as 1llustrated 1n FIG.
2C. The convex portion 51 protrudes upward with respect to
the concave portion 50. The convex portion 50 dents down-
ward with respect to the convex portion 31. An outer surface
located on a topmost side of the concave portion 51 is
referred to as a top portion 512 as illustrated 1n FIG. 2A.

The top portion 512 1s a surface on an upper side of the
convex portion 31, and as 1illustrated 1n FIG. 2B, a portion
between the top portion 512 and the concave portion 50 in
the outer surface 1s referred to as a side surface 511. The
convex portion 31 1s made up of the top portion 512 and the
side surface 511.

The side surface 511 needs not necessarily be perpen-
dicular to the single crystal n-type semiconductor substrate
1. As 1illustrated 1 FIG. 2C, a boundary between the top
portion 512 and the side surface 311 1s referred to as an edge
portion 513. Described above 1s the name of each portion of
the n-type epitaxial film layer 2.

FIG. 3 1s a cross-sectional view illustrating a pn junction
region, a Schottky junction region, and an insulating region
in the power semiconductor device. FIG. 3 illustrates an
enlarged view of a portion A in FIGS. 1A to 1C, and further
shows a name of each portion of the n-type epitaxial film
layer 2. Described heremafter are an arrangement and a
shape of the n-type epitaxial film layer 2, the mnsulating layer
4, the p-type thin film layer 3, and the anode electrode 5
using FIGS. 1A to 1C, FIGS. 2A to 2C, and FIG. 3.

The 1nsulating layer 4 1s formed on part of the top portion
512 1 the upper surface of the n-type epitaxial film layer 2.
As 1llustrated in FIG. 3, part of an outer surface of the n-type
epitaxial film layer 2 where the 1nsulating layer 4 1s formed
1s referred to as an insulating region 57 (first region). As
illustrated 1n FIG. 1B, the p-type thin film layer 3 1s formed
on the concave portion 50 and the side surface 511 of the
n-type epitaxial film layer 2.

As 1llustrated in FIG. 3, part of the outer surface of the
n-type epitaxial film layer 2 where the p-type thin film layer
3 1s formed 1s referred to as a pn junction region 55. The
anode electrode 5 1s formed on part of the top portion 512,
and a Schottky junction 1s formed between the anode




US 11,251,282 B2

S

clectrode 5 and the n-type epitaxial film layer 2. As 1llus-
trated in FIG. 3, the part of the top portion 512 where the
anode electrode 5 1s formed is referred to as a Schottky
junction region 56 (second region).

As illustrated 1n FIG. 3, the insulating region 57 separates
the edge portion 513 and the Schottky junction region 56 on
the outer surface of the n-type epitaxial film layer 2.

Next, the outer surface of the n-type epitaxial film layer
2 1s described 1n more detail. As illustrated in FIG. 2A, the
convex portion 51-1 (first convex portion) having the 1sland
shape 1s formed on the upper surface of the n-type epitaxial
film layer 2, and the groove portion which 1s the concave
portion 30 surrounds an outer periphery of the convex
portion 51-1.

The convex portion 51-2 (second convex portion) having,
the annular shape surrounds an outer periphery of the
concave portion 50 which 1s the groove portion, and the
mesa bottom portion 52 which 1s the concave portion 50 1s

turther formed between an outer periphery of the convex
portion 51-2 and the outer edge 514. The number of the
convex portions 31-2 surrounding the convex portion 51-1
can be further increased.

When the number of the convex portions 51-2 1s
increased, the convex portion 51-2 1s disposed to surround
the convex portion 31-1 doubly or more, and the mesa
bottom portion 52 1s formed between the convex portion
51-2 disposed 1n a position closest to the outer edge 514 and
the outer edge 514.

As 1llustrated 1n FIGS. 1A to 1C, FIGS. 2A to 2C, and
FIG. 3, the Schottky junction region 36 and the insulating
region 57 are formed on the top portion 512 of the convex
portion 51-1. In the top portion 512 of the convex portion
51-1, the insulating region 57 1s disposed in the outer
periphery of the Schottky junction region 36 to separate the
Schottky junction region 56 and the edge portion 513.

The Schottky junction region 56 and the 1nsulating region
57 are also formed on the top portion 512 of the convex
portion 51-2. In the top portion 512 of the convex portion
51-2, the insulating region 37 1s disposed i1n an inner
periphery and the outer periphery of the Schottky junction
region 56 so that the insulating region 37 separates the
Schottky junction region 56 and the edge portion 513.

The arrangement that the insulating region 57 separates
the Schottky junction region 56 and the edge portion 513
indicates an arrangement that an optional path passing
through the top portion 512 from the Schottky junction
region 56 to the edge portion 513 passes through the
insulating region 37.

When the number of convex portions 31-2 1s increased to
two or more, 1t 1s preferable that the Schottky junction
region 56 and the insulating region 57 are provided on all of
the convex portions 51-2 and the insulating region 37
separates the Schottky junction region 56 and the edge
portion 513.

According to such a configuration, even when an area of
a Schottky junction 1s increased to reduce an electrical
resistance, the insulating region 57 1s disposed near each
Schottky junction region 56, and exerted on each Schottky
junction 1s an effect of reducing a leakage current by the
insulating region 37.

That 1s to say, the effect of reducing the leakage current by
the mnsulating region 57 can be exerted on each Schottky
junction region 36. Herein, in FIGS. 1A to 1C, the convex
portion 51-2 has the annular shape, however, the shape
thereot 1s not limited thereto, thus a quadrangle shape 1s also
applicable, for example.

10

15

20

25

30

35

40

45

50

55

60

65

6

The Schottky junction region 56 and the insulating region
57 can be disposed in accordance with the shape of the
convex portion 51-2, and a portion between the edge portion
513 which 1s an end portion of the top portion 512 and the
Schottky junction region 56 (the second region) can be
separated by the insulating region 37 (the first region).

As 1llustrated 1n FI1G. 1B, the p-type thin film layer 3 is
formed on an upper surface of the concave portion 50 in the
n-type epitaxial film layer 2 and an upper surface of the
insulating film 4. The anode electrode 5 1s formed on an
upper surface of the p-type thin film layer 3 formed on the
upper surface of the concave portion 50.

The anode electrode 5 formed in the concave portion 50
1s located below the top portion 512, and the anode electrode
5 1s located closer to a negative side of the y axis in relation
to the top portion 512 1n comparison 1n a coordinate of y
axis. That 1s to say, it can be deemed that the top portion 512
of the convex portion 51 1n the n-type epitaxial film layer 2
1s located above part of the anode electrode S formed on the
surface of the p-type thin film layer 3 formed on the surface
of the concave portion 50.

Herein, the anode electrode 5 formed in the concave
portion 50 indicates part of the anode electrode 5 formed on
the upper surface of the p-type thin film layer 3 formed on
the upper surface of the concave portion 50. That 1s to say,
it indicates part of the anode electrode 5 intersecting with a
line extending from a point on the concave portion 50 1n
parallel to the y axis.

A defect layer on the upper surface of the n-type epitaxial
film layer 2 1s described below. A convex-concave structure
on the upper surface of the n-type epitaxial film layer 2 1s
formed by etching 1n manufacturing the power semiconduc-
tor device 100.

FIG. 4 1s a cross-sectional view illustrating a main portion
of the power semiconductor device 100 according to the
embodiment 1. FIG. 4 illustrates an enlarged view of the
portion A i FIG. 1B, and shows a defect layer 8. The defect
layer 8 1s formed by etching, and 1s distributed to the surface
and near the surtace of the n-type epitaxial film layer 2. The
defect layer 8 1s part of the n-type epitaxial film layer 2, and
includes a large amount of defect compared with part of the
n-type epitaxial film layer 2 other than the defect layer 8.

In an etching process described below, a mask 1s formed
on the top portion 512, thus removal processing 1s not
performed thereon. The removal processing 1s performed on
the side surface 511 and the concave portion 50 by etching.
Thus, the defect layer 8 1s not formed on the top portion 512
on which the etching 1s not performed, and the defect layer
8 1s formed on the side surface 511 and the concave portion
50.

A factor of formation of defect different from etching is
described. The n-type epitaxial film layer 2 {frequently
includes a main surface 1n a y axis direction, and an outer
surface of the side surface 511 1s perpendicular to or inclined
with respect to the main surface. Thus, a plane direction
appearing on the outer surface of the n-type epitaxial film
layer 2 1s varied in accordance with a position.

Herein, the plane direction 1s a direction perpendicular to
a crystal surface of the outer surface. The plane direction
varied in accordance with the position causes a generation of
defect 1n the side surface 511. A region having a high defect
density appears near the surface of the side surface 511.

Described next 1s how the leak current i1s reduced in the
power semiconductor device 100. A potential difference of
the anode electrode 5 from the cathode electrode 6 1s defined
as a forward potential difference. A state where potential of




US 11,251,282 B2

7

the anode electrode 5 1s higher than that of the cathode
clectrode 6 1s referred to as a forward bias.

The p-type thin film layer 3 or the mnsulating film 4 1s
formed on an outer surface of the defect layer 8. A dangling
bond on the outer surface of the defect layer 8 1s bonded to
a dangling bond of the p-type thin film layer 3 or the
insulating film 4, and the defect does not act as a donor or
an acceptor. The defect in the defect layer 8 1s 1nactivated,
and the defect density 1s reduced, thus a forward leakage
current and a backward leakage current caused by the defect
layer 8 1s reduced.

The efiect of the reduction in the leakage current caused
by the inactivation of the defect 1s exerted in both the
forward bias and the reverse bias. Next, the time of the
reverse bias 1n a low voltage 1s described. The reverse bias
in the low voltage indicates a case where a potential difler-
ence 1n a reverse direction 1s smaller than several V to
several tens of V (a specific voltage value varies depending
on a material and a structure. A numeral value 1s 1ndicated
as an example).

In the reverse bias in the low voltage, a formation of a
depletion layer caused by the p-type thin film layer 3 on the
side surface 3511 1s prevented by the defect layer 8, and the
depletion layer cannot reach a region around the Schottky
junction region 56. Thus, the depletion layer around the
Schottky junction region 56 1s a depletion layer deriving
from the Schottky junction and 1s a depletion layer formed
with narrow width and narrow range. The width of the
depletion layer herein indicates a width 1n the x axis direc-
tion and the y axis direction.

In a conventional power semiconductor device, an nten-
sity of electrical field caused by the Schottky junction gets
high in an end portion of the Schottky junction by reason
that the width of the depletion layer described above 1s
small. In addition, a recombination current occurs due to the
defect layer 8, and the reverse leakage current flows via the
Schottky junction.

In the power semiconductor device 100, the defect density
of the defect layer 8 1s reduced by the insulating film 4 as
described above, thus the recombination current hardly
occurs. Furthermore, the p-type thin film layer 3 1s formed
on the upper surface of the msulating film 4, thus a depletion
layer 1s formed in the insulating region 37 in accordance
with a potential difference between the p-type thin film layer
3 and the n-type epitaxial film layer 2.

In the power semiconductor device 100, the depletion
layer caused by the potential diflerence between the p-type
thin film layer 3 and the n-type epitaxial film layer 2 spreads
to the Schottky junction region 56, thus the reverse leakage
current 1n the reverse bias in the low voltage 1s reduced.

When the voltage 1n the reverse bias further increases in
the power semiconductor device 100, the defect layer 8 1s
depleted 1n accordance with the potential difference between
the p-type thin film layer 3 and the n-type epitaxial film layer
2, thus an influence of the leakage current generated via the
defect 1n the high voltage can be suppressed.

Next, an operation at the time of the reverse bias 1n a high
voltage 1s described. Herein, a state where the potential
difference 1n the reverse direction exceeds several hundred
V 1s referred to as a reverse bias 1n a high voltage (a specific
voltage value varies depending on a material and a structure.
A numeral value 1s 1indicated as an example).

A depletion layer formed in the pn junction interface of
the concave portion 50 spreads to a side of the convex
portion 51 at the time of the reverse bias in the high voltage.
The electrical field 1n the Schottky junction 1s reduced by the
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depletion layer, and the leakage current in the reverse
direction 1s reduced. Next, an operation at the time of the
forward bias 1s described.

A voltage value at a time when a value of current flowing
in the Schottky junction 1n the forward direction exceeds
specified value 1n a case where the potential difference 1n the
forward direction increases 1s defined as a threshold voltage
hereinafter unless otherwise noted. For example, a current
value determined to exceed an upper limit of the leakage
current and to be switched from a non-conduction state to a
conduction state in the power semiconductor device 100 can
be selected as a specified value.

In the manner similar to the reverse bias in the low
voltage, a depletion layer 1s formed 1n the 1nsulating region
57 1n accordance with the potential diflerence between the
p-type thin film layer 3 formed on the upper surface of the
isulating film 4 and the n-type epitaxial film layer 2 at the
time of the forward bias in the low voltage. The depletion
layer decreases as the potential difference in the forward
direction gets large.

The electrical field spreads from the Schottky junction
region 36 as the potential difference in the forward direction
gets large, and reaches the side surface 511. When the
potential difference 1n the forward direction 1s smaller than
a threshold value and the potential difference 1n the forward
direction 1s smaller than the potential difference between the
p-type thin film layer 3 and the n-type epitaxial film layer 2,
the current does not flow 1n the pn junction.

In the conventional power semiconductor device, when
the electrical field spreads and reaches the defect layer 8 on
the side surface 511 in such a state, the recombination
current deriving from the defect occurs accordingly. In the
meanwhile, 1n the power semiconductor device 100 of the
present 1mvention, the side surface 511 1s adjacent to the
p-type thin film layer 3, and the potential difference between
the p-type thin film layer 3 and the n-type epitaxial film layer
2 1s larger than the potential difference between the anode
clectrode 5 and the n-type epitaxial film layer 2.

Thus, the increase 1n the field itensity at the interface
between the insulating film 4 and the top portion 5312 can be
suppressed 1n the state where the potential difference in the
torward direction 1s smaller than the threshold value and the
potential difference in the forward direction 1s smaller than
the potential difference between the p-type thin film layer 3
and the n-type epitaxial film layer 2.

The increase 1n the field intensity at the interface between
the 1nsulating film 4 and the top portion 512 1s suppressed,
and electron imjection 1s suppressed, thus reduced is the
leakage current in the forward direction flowing in the
Schottky junction via the defect layer 8 such as the recom-
bination current. That 1s to say, the leakage current in the
forward direction 1s reduced until the forward current tlow-
ing in the Schottky junction gets sufliciently large. A fluc-
tuation 1n the threshold voltage due to the intluence of the
defect layer 8 can be suppressed.

When the forward voltage further gets large and the
forward current flowing in the Schottky junction gets sui-
ficiently large, the current flows by the electrical field
spreading from the Schottky junction interface to the top
portion 512 due to the voltage applied to the Schottky
junction.

Described 1s a configuration of the power semiconductor
device 100 including the p-type thin film layer 3, in place of
the insulating film 4, 1 a position where the insulating film
4 1s located in the power semiconductor device 100 to
describe an effect caused by the isulating film 4 1n the
power semiconductor device 100.
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In the configuration that the p-type thin film layer 3 1s
formed 1n the position where the insulating film 4 1s located,
the defect density of the defect layer 8 1s not reduced, thus
the eflect of suppressing the increase 1n the potential due to
the pn junction near the Schottky junction region 56 1s small.
Thus, the recombination current deriving from the defect
layer 8 tlows into the Schottky junction region 356, and the
leakage current increases.

As described above, the power semiconductor device 100
according to the present imvention can reduce the leakage
current and suppress the fluctuation 1n the threshold voltage
in both cases of the forward bias and the reverse bias. It 1s
possible to reduce the leakage current caused by the detect
layer 8 generated by the formation of the convex-concave
structure by etching or the difference of the crystal plane
direction of the interface with that of the main surface.

Diffusion potential between the anode electrode 5 and the
n-type epitaxial film layer 2 1s formed by a difference of a
termi1 level of the n-type epitaxial film layer 2 and a work
function of the anode electrode 5. Thus, when a material of
the anode electrode 5 and a matenal of the p-type thin film
layer 3 are selected, the potential difference between the
p-type thin film layer 3 and the n-type epitaxial film layer 2
can be made larger than the potential difference between the
anode electrode 5 and the n-type epitaxial film layer 2.

In the power semiconductor device 100, a three-layer
structure made up of the p-type thin film layer 3, the
insulating film 4, and the n-type epitaxial film layer 2 1s
formed between the pn junction formed in the defect layer
8 formed by providing the convex-concave structure and the
Schottky junction region 56. Diflusion potential between the

n-type epitaxial film layer 2 and the p-type thin film layer 3
1s larger than that between the n-type epitaxial film layer 2
and the anode electrode 3.

Thus, the leakage current can be reduced at both the time
of the forward bias and the reverse bias and the fluctuation
in the threshold voltage at the time of the forward bias can
be suppressed. As described above, the power semiconduc-
tor device 100 can reduce the leakage current at the time of
the forward bias and the reverse bias and suppress the
fluctuation in the threshold voltage. The recombination
current deriving from the defect layer 8 can be reduced.

The arrangement that the insulating region 57 separates
the Schottky junction region 56 and the edge portion 513
generates the eflect described above. The effect 1s also
obtained by an arrangement that the insulating region 57
separates part of a region between the Schottky JllIlCthIl
region 56 and the edge portion 3513. The larger eflect 1s
obtained when the insulating region 57 1s provided near a
region having a large amount of defect such as a specific
plane direction, for example. Even larger eflect 1s obtained
when the insulating region 357 1s provided in all the region
between the Schottky junction region 36 and the edge
portion 513.

A method of manufacturing the power semiconductor
device 100 1s described next. Each of FIGS. 5A to SF
illustrates a state after each manufacturing process of the
power semiconductor device 100 according to the embodi-
ment 1. A material of the single crystal n-type semiconductor
substrate 1 1s a wide-gap material having wider band gap
than Si.

Galllum oxide (Ga,O;) and aluminum gallium nitride
containing aluminum nitride (Al,_Ga N, wherein Osx<1),
for example, can be used as the wide-gap material.

It 1s difhicult to make such a wide-gap material be of
p-type, and the pn junction needs to be achieved by bonding,
materials belonging to different material systems by the
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hetero junction, so that the defect readily occurs at the hetero
junction interface. Thus, the effect of the present invention
1s exerted to a large degree 1n a material which can be hardly
ol p-type compared with a matenial which can be easily of
p-type.

The single crystal n-type semiconductor substrate 1
according to the embodiment 1 1s made of galllum oxide
(Ga,0;). The n-type galllum oxide substrate can be manu-
factured by cutting the substrate out of a single crystal bulk
of p-Ga,O, manufactured by a melt growth method 1nto a
shape of the substrate. A substrate containing an n-type
impurity made of silicone (S1) or tin (Sn), for example, may
be used as the n-type gallium oxide substrate.

The n-type galllum oxide substrate shows an n-type
conductivity 1n accordance with an oxygen defect in a
crystal, thus a substrate which does not contain the n-type
impurity can also be used. An n-type carrier concentration of
the n-type gallium oxide substrate 1s a sum of an oxygen
defect concentration and an n-type impurity concentration.
A value of the n-type carrier concentration may be equal to
or larger than 1x10'" cm™ as an example.

It 1s also applicable to increase the impurity concentration
of the n-type gallium oxide substrate to increase the n-type
carrier concentration and reduce a contact resistance
between the n-type gallium oxide substrate and the anode
clectrode 5.

When the single crystal n-type semiconductor substrate 1
1s made of gallium oxide, the n-type epitaxial film layer 2
may be an n-type gallium oxide epitaxial film layer. The
n-type gallium oxide epitaxial film layer can be formed by
a molecular beam epitaxy (MBE) method or a halide vapor
phase epitaxy (HVPE) method.

The n-type gallium oxide epitaxial film layer 1s formed on
the upper surface of the single crystal n-type semiconductor
substrate 1. When a material which 1s the same as that of the
single crystal n-type semiconductor substrate 1 1s selected as
a material of the n-type epitaxial film layer 2, an interface
having less defect can be formed. The n-type gallium oxide
epitaxial film layer 1s an n-type oxide semiconductor made
of a single crystal of Ga,O,, and 1s preferably an n-type
oxide semiconductor made of a single crystal of 3-Ga,O,.

The n-type carrier concentration of the n-type gallium
oxide epitaxial film layer 1s preferably lower than the n-type
carrier concentration of the n-type gallium oxide substrate.
The n-type carrier concentration of the n-type gallium oxide
epitaxial film layer may be equal to or larger than 1x10"*
cm™ and equal to or smaller than 1x10"” cm™, for example.

A metal material 1s deposited on a lower surface of the
n-type oxide gallium substrate by a deposition method or a
sputtering method to form the cathode electrode 6. FIG. 5A
1s a cross-sectional view 1llustrating a state after the n-type
epitaxial film layer 2 and the cathode electrode 6 are formed
on the single crystal n-type semiconductor substrate 1.

The cathode electrode 6 1s bonded to the single crystal
n-type semiconductor substrate 1 by an ohmic junction, thus
it 1s preferable to use a metal having a smaller work function
than the single crystal n-type semiconductor substrate 1.
Preferable as a material of the cathode electrode 6 1s a metal
material having characteristics that a contact resistance
between the single crystal n-type semiconductor substrate 1
and the cathode electrode 6 1s reduced by performing a
thermal treatment after forming the cathode electrode 6 on
the lower surface of the single crystal n-type semiconductor
substrate 1.

Titanium (T1), for example, can be used as the metal
material of the cathode electrode 6. The cathode electrode 6
may be made by forming a plurality of metal materials in
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layers. For example, when a metal material having contact
with a rear surface of the single crystal n-type semiconduc-
tor substrate 1 1s an easy-oxidizable material, also applicable
1s a confliguration that a metal material which 1s resistant to
oxidizing 1s formed on the lower surface of the easy-
oxidizable metal material to form the cathode electrode 6
having a layer structure, thereby preventing an oxidization
from the surface having contact with air.

For example, titanium 1s deposited on the lower surface of
the single crystal n-type semiconductor substrate 1 by an
clectron beam evaporation (an EB evaporation) with a
thickness of 100 nanometers (nm). Furthermore, Ag 1s
deposited on a lower surface of titanium by the electron
beam evaporation with a thickness of 300 nanometers to
form the cathode electrode 6 having two-layer structure.
Subsequently, a thermal treatment at 550° C. 1s performed
for five minutes under a nitrogen atmosphere or an oxygen
atmosphere, thereby being able to form the cathode elec-
trode 6 having a layer structure.

Next, the insulating film 4 1s formed on part of the upper
surface of the n-type epitaxial film layer 2. The insulating
film 4 1s preferably made up of a material having a high
electronic barrier against Ga,O, constituting the n-type
epitaxial film layer 2. FIG. 3B i1s drawing illustrating a
cross-sectional structure after the mnsulating film 4 1s formed.

Silicon dioxide (510,), silicon nitride (SiN), and alumi-
num oxide (Al,O,), for example, 1s preferable as the mate-
rial of the insulating film 4 having the high electronic barrier
against Ga,O,.

Next, an etching process 1s performed to form the convex-
concave structure. Firstly, a mask matenal 1s formed by
photolithography, and subsequently, the etching i1s per-
formed by a wet etching process using hydrofluoric acid or
a dry etching process using carbon tetratluoride (CF,) to
pattern the insulating film 4. FIG. 5C 1s a drawing 1llustrat-
ing a cross-sectional structure after the etching process.

The convex-concave structure including a mesa structure
1s formed on the n-type epitaxial film layer 2 by an etching
process. A dry etching method using gas such as boron
trichloride (BCI,) 1s eflective as a method of forming the
convex-concave structure.

The convex-concave structure can also be formed using
the formed 1nsulating film 4 as a mask. However, when an
ctching selectivity cannot be ensured as much as needed or
when the nsulating film 4 1s intended to be thinly formed,
a metal mask may be previously formed on the upper surface
of the insulating film 4 to perform the etching process. When
the metal mask 1s formed, the metal 1s removed after
finishing the etching.

Next, as illustrated 1n FIG. 3D, a p-type microcrystal film
which 1s to be the p-type thin film layer 3 1s formed. In the
present embodiment, the p-type thin film layer 3 1s 1n a state
of microcrystal, however, the state thereotf 1s not limited to
the microcrystal structure, but an amorphous material 1s also
applicable. A p-type oxide semiconductor can be used for the
maternial of the p-type thin film layer 3. The p-type oxide
semiconductor shows a p-type conductivity even when the
p-type 1mpurity 1s not added.

The surface of the n-type epitaxial film layer 2 1s formed
by etching, thus various crystal orientations appear on the
surface of the n-type epitaxial film layer 2. When the p-type
thin film layer 3 1s a polycrystal or a single crystal, a state
of the interface between the p-type thin film layer 3 and the
n-type epitaxial film layer 2 changes depending on the
crystal orientation on the surface of the n-type epitaxial film
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layer 2. The p-type thin film layer 3 1s preferably 1n a state
of microcrystal having a small crystal grain diameter or an
amorphous state.

Examples of the p-type oxide semiconductor include a
material such as copper 1 oxide (Cu,O), silver 1 oxide
(Ag,0), nickel oxide (N10O), and tin I oxide (SnO).
Examples of the p-type oxide semiconductor further con-
tains a material described above as the p-type semiconductor
material as a main component having a highest composition
ratio, and also contains a p-type material containing the
other material having a smaller composition ratio than the
material of the main component. Herein, a material in which
a carrier carrying an electrical charge 1s a positive hole
(hole) 1s referred to as the p-type material. Examples of a
material 1n which the other matenal 1s added thereto include
copper aluminum oxide (CuAlQO,) i which aluminum 1s
added to copper I oxide. Flectrical conductivity character-
istics of the p-type thin film layer 3 are described heremafter,
applying copper I oxide as an example.

In copper (Cu) atoms contained in copper I oxide (Cu,O),
a 3d orbit form an upper end of a valence band which
assumes a hole conduction. The positive hole occurs due to
the Cu detfect 1n copper I oxide (Cu,O) even when an
impurity 1s not added, and copper 1 oxide shows the p-type
conductivity. In the meanwhile, copper 1 oxide (Cu,O)
changes mto copper 11 oxide (CuQO) when copper 1 oxide 1s
further oxidized.

3d orbit of copper does not form an upper end of a valence
band 1n copper II oxide (CuQ), thus copper II oxide does not
have the p-type conductivity. In the p-type oxide semicon-
ductor including a metal oxide as a material, the p-type
conductivity 1s reduced by the oxidization in the manner
similar to copper I oxide (Cu,O), thus it 1s preferable not to
oxidize the p-type microcrystal film 1n the manufacturing
Process.

The p-type oxide semiconductor to which the p-type
impurity 1s added may be used as the p-type thin film layer
3. When the p-type oxide semiconductor 1s copper 1 oxide
(Cu,0), mitrogen (IN) can be used as the p-type impurity.
When the p-type mmpurity 1s added to the p-type oxide
semiconductor, a metal atom delect concentration and the
p-type 1impurity concentration add up to the p-type carrier
concentration.

When the n-type epitaxial film layer 2 1s nitride, also the
p-type thin film layer 3 1s preferably nitride such as galllum
nitride. The n-type epitaxial film layer 2 and the p-type thin
film layer 3 are made of the same nitride, thus the interface
therebetween can have less defect.

The p-type thin film layer 3 described above 1s formed on
the upper surface of the n-type epitaxial film layer 2 and the
surface of the msulating film 4. When the materials of the
constituent elements are appropriately selected so that the
diffusion potential formed by the p-type thin film layer 3 and
the n-type epitaxial film layer 2 1s larger than the difference
between the potential of the anode electrode 5 and the
potential of the n-type epitaxial film layer 2, the eflect of
reducing the leakage current can be increased.

In the present embodiment, a difference between a work
function of many metals and an electronic atlinity of gallium
oxide 1s equal to or smaller than 1.5 eV, thus the diffusion
potential 1s smaller than 1.5 €V, Thus, the diffusion potential
formed between the p-type thin film layer 3 and the n-type
epitaxial film layer 2 1s preferably equal to or larger than 1.5
eV.

According to such a configuration, the potential difference
higher than the difference between the materials of the
n-type epitaxial film layer 2 and the anode electrode 5 can
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be formed between the n-type epitaxial film layer 2q¢ and the
p-type thin film layer 3 to increase the effect of reducing the
leakage current.

Next, as illustrated 1n FIG. 5E, an opening part 515
reaching the top portion 312 of the n-type epitaxial film layer
2 from the upper surface of the p-type thin film layer 3 is
tormed. The opening part 515 passes through the p-type thin
film layer 3 and the nsulating film 4 formed on the upper
surface of the convex portion 51, and reaches the top portion
512 of the n-type epitaxial film layer 2.

In order to form the opening part 515, layer which 1s to be
a mask matenial 1s firstly formed on the upper surface of the
p-type thin film layer 3. Next, the patterning i1s performed
using photolithography and the mask material located 1n a
position where the opening part 515 1s to be formed 1s
removed, and subsequently, the etching 1s performed.

A Iliftofl process can also be used as the process of
forming the opening part 515. In the liftofl process, a resist
1s previously formed 1n a position where the opening part
515 of the p-type thin film layer 3 1s to be formed using the
photolithography before the p-type thin film layer 3 1s
formed.

Next, the p-type thin film layer 3 1s formed, and the resist
formed 1n the position where the opening part 513 1s to be
formed 1s removed together with the p-type thin film layer

3 on the resist. Next, the insulating film 4 1s formed by the
method similar to that described 1n FIG. 5C.

Next, the insulating film 4 formed on the opening part 515
1s etched by a wet etching process or a dry etching process
using the p-type thin film layer 3 as a mask to form an
opening part having a depth to reach the convex portion 51
of the n-type epitaxial film layer 2. Described above 1s the

process using the liftofl process.

Next, the anode electrode 5 1s formed as illustrated in FIG.
S5F. The Schottky junction 1s formed between the anode
clectrode 5 and the n-type epitaxial film layer 2, thus the
anode electrode 5 1s preferably formed of a metal material
having a larger work function than a fermzi level of the n-type
epitaxial film layer 2.

The anode electrode 5 1s bonded to the p-type thin film
layer 3 by an ohmic junction, thus the anode electrode 5 1s
preferably formed by a metal material having a smaller work
function than a ferm level of the p-type semiconductor
material constituting the p-type thin film layer 3. Examples
of such a metal material include platinum (Pt), nickel (N1),
gold (Au), or palladium (Pd).

The anode electrode 5 may have a layer structure using a
plurality of materials 1n the manner similar to the cathode
clectrode 6. For example, it 1s also applicable that a metal
material appropriate for the Schottky junction with the
convex portion 51 of the n-type epitaxial film layer 2 is
tormed on the convex portion 51 of the n-type epitaxial film
layer 2 as a first layer, and a different metal material 1s
formed on an upper surface of the first layer as a second
layer to form the anode electrode 5 made up of two layers.

When the anode electrode 5 made up of the two layers 1s
formed, the material of the second layer of the anode
clectrode S5 having direct contact with the p-type thin film
layer 3 1s preferably selected so that a stable ohmic junction
which does not tluctuate depending on a usage environment
and a process 1s formed between the second layer and the
p-type thin film layer 3.

At this time, 1t 1s also applicable that a metal material of
the first layer 1s selected to form a Schottky junction having,
a low threshold voltage between the first layer and the n-type
epitaxial film layer 2.
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The second layer of the anode electrode 5 has contact with
the p-type thin film layer 3, thus a depletion layer 1s formed
between the p-type thin film layer 3 and the n-type epitaxial
film layer 2 at the time of the reverse bias. The depletion
layer spreads from the side surface 511 and the groove
portion of the n-type epitaxial film layer 2 into an inner
portion of the convex portion 51.

The depletion layer spreads to the Schottky junction
region 36, thus the intensity of the electrical field on the
Schottky junction region 56 i1s reduced, and the leakage
current 1s reduced. Furthermore, the p-type thin film layer 3
and the second layer of the anode electrode 5 are bonded by
the ohmic junction, thus a large current can flow in the
forward direction.

Described above 1s the method of manufacturing the

power semiconductor device 100 according to the embodi-
ment 1.

As described above, the power semiconductor device 100
includes the single crystal n-type semiconductor substrate 1,
the n-type epitaxial {ilm layer 2 formed on the surface of the
single crystal n-type semiconductor substrate 1 and having
the concave portion 50 and the convex portion 51, and the
cathode electrode 6 formed on the surface on the opposite
side of the surface of the single crystal n-type semiconductor
substrate.

The power semiconductor device 100 further includes the
insulating film 4 formed 1n the msulating region 57 (the first
region) in the top portion 512 of the convex portion 51 and
the p-type thin film layer 3 formed on the surface of the
insulating film 4 and the surface of the n-type epitaxial film
layer 2 to form the pn junction between the p-type thin film
layer 3 and the n-type epitaxial film layer 2.

The power semiconductor device 100 further includes the
anode electrode 5. The anode electrode 5 1s formed on the
surface of the p-type thin film layer 3, and the part thereof
passes through the p-type thin film layer 3 and the insulating
film 4. The anode electrode 5 forms the Schottky junction
between the anode electrode 5 and the n-type epitaxial film
layer 2 1in the Schottky junction region 56 (the second
region) 1n the top portion 512 which 1s separated from the
edge portion 513 of the top portion 512 by the isulating
region 37 (the first region).

According to the present embodiment, the power semi-
conductor device which reduces the leakage current caused
by the defect layer and has the small fluctuation in the
threshold voltage can be provided. Furthermore, the power
semiconductor device which has the small leakage current
caused by the defect layer and the small fluctuation in the
threshold voltage in both cases of the forward bias and the
reverse bias can be provided.

Embodiment 2

A configuration of a power semiconductor device 100q
according to an embodiment 2 1s different from the configu-
ration of the power semiconductor device 100 accordmg to
the embodiment 1 1n that the insulating film 4 1s formed on
the side surface 511 of the n-type epitaxial film layer 2. Each
of FIGS. 6A and 6B i1s a configuration diagram of the power
semiconductor device 100a according to the embodiment 2.

An x axis, a y axis, and a z axis, which are coordinate axes
of three-axis rectangular coordinate system are 1llustrated 1n
FIG. 6A and FIG. 6B. FIG. 6A 1s a planar view of the power
semiconductor device 100a. FIG. 6B 1s a cross-sectional
view ol the power semiconductor device 100q 1llustrating a
cross section at a surface DD' 1in FIG. 6A.
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A name of each portion of the n-type epitaxial film layer
2 15 the same as that 1n the embodiment 1. The constituent
clements and the name of each portion are illustrated by
drawing a lead line only 1n one position even when they are
separated into a plurality of portions.

The power semiconductor device 100a 1s made up of the
single crystal n-type semiconductor substrate 1 in the man-
ner similar to the power semiconductor device 100 1n the
embodiment 1. The cathode electrode 6 1s formed on the

lower surface of the single crystal n-type semiconductor
substrate 1, and the n-type epitaxial film layer 2, the insu-
lating layer 4, the p-type thin film layer 3, and the anode
clectrode 5 are formed 1n layers on the upper side of the
single crystal n-type semiconductor substrate 1.

The 1nsulating film 4 1s formed on the side surface 511 in
the power semiconductor device 100q as 1llustrated in FIG.
6B. This configuration 1s different from that of the power
semiconductor device 100 according to the embodiment 1.
The p-type thin film layer 3 1s formed on the upper surface
of the n-type epitaxial film layer 2 and the upper surface of
the insulating film 4. The anode electrode 5 1s formed on the
upper surface of the p-type thin film layer 3.

Part of the anode electrode 5 passes through the p-type
thin film layer 3 and the insulating film 4, extends in the
negative direction of the y axis, and reaches the top portion
512. The anode electrode 5 formed 1n the concave portion 50
1s located below the top portion 512 of the n-type epitaxial
film layer 2. That 1s to say, the anode electrode 5 1s located
in the negative direction of the y axis.

Herein, the anode electrode 5 formed in the concave
portion 50 indicates part of the anode electrode 5 formed on
the upper surface of the p-type thin film layer 3 formed on
the upper surface of the concave portion 50. The same
reference numerals are assigned to the same constituent
clements as those illustrated in FIGS. 1A to 1C i the
embodiment 1, and the repetitive description 1s omitted.

An operation of the power semiconductor device 100q 1s
described hereinafter. The power semiconductor device
100a has the effect of reducing the leakage current at the
time of the forward bias and the reverse bias and suppressing,
the fluctuation in the threshold voltage by an operation
principle similar to that of the power semiconductor device
100 1n the embodiment 1.

The nsulating film 4 1s formed on the side surface 511 in
the power semiconductor device 100a. Thus, a constituent
clement and an 1impurity contained in the p-type thin film
layer 3 are blocked by the insulating film 4 formed on the
side surface 311, and can be prevented from passing through
the side surface 511 and being diffused into the mner portion
of the convex portion 51 of the n-type epitaxial film layer 2.

The diffusion of the 1mpur1ty into the mner portion of the

n-type epitaxial film layer 2 1s suppressed, thus the fermi
level of the n-type epitaxial film layer 2 does not fluctuate
depending on the position but 1s maintained constant in the
inner portion of the n-type epitaxial film layer 2. Thus, the
fluctuation in the threshold voltage 1s suppressed.

The insulating film 4 and the defect layer 8 according to
the present embodiment are described. There 1s a large
amount of defect of atom arrangement caused by the hole,
for example, 1n the defect layer 8 compared with part of the
n-type epitaxial film layer 2 other than the defect layer 8.
The diffusion of the impurity via the defect 1s caused in the
inner side of the defect layer 8, thus a diflusion speed of the
impurity 1s larger 1in the defect layer 8 than 1n the part of the
inner portion of the n-type epitaxial film layer 2 other than
the defect layer 8.
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The impurity 1s readily diffused into the inner portion of
the n-type epitaxial film layer 2 1n the mner portion of the
defect layer 8. Furthermore, atoms in the p-type thin film
layer 3 diflused into the inner portion of the n-type epitaxial
film layer 2 form an electrical charge, and the electrical
charge fluctuates the fermi level of the n-type epitaxial film
layer 2, and causes the fluctuation of the threshold voltage.

As described above, the insulating film 4 formed on the
surface of the defect layer 8 inactivates the defect layer 8,
and serves as a barrier layer preventing the diffusion of the
atoms contained 1n the p-type thin film layer 3. The diffusion
of the impurity from the p-type thin film layer 3 into the
n-type epitaxial film layer 2 1s suppressed.

The diffusion of the impurity 1s suppressed, thus the fermi
level of the n-type epitaxial film layer 2 1s maintained
constant, and the fluctuation in the threshold voltage 1is
suppressed. Herein, the insulating film 4 needs not neces-

sarily cover the whole side surface 511 as illustrated 1n
FIGS. 6A and 6B, but the imsulating film 4 serves as the
barrier layer as long as part of the side surface 511 1s covered
by the mnsulating film 4, and have the eflect of the present
invention.

Herein, a configuration that the mmsulating film 4 covers
part of the side surface 511 closer to the Schottky junction
region 56 is preferable to a configuration that the msulating
film 4 covers part of the side surface 511 closer to the
concave portion 50 so that the insulating film 4 achieves the
function as the barrier layer.

Next, a method of manufacturing the power semiconduc-
tor device 100a 1s described. Each of FIGS. 7TA to 7G
illustrates a state after each manufacturing process of the
power semiconductor device 100a according to the embodi-
ment 2. Described 1s a case of using gallium oxide and the
p-type microcrystal film as the single crystal n-type semi-
conductor substrate 1 and the p-type thin film layer 3 in the
manner similar to the power semiconductor device 100 in
the embodiment 1.

The detailed description 1s omitted 1n the description 1n
FIGS. 7A to 7G overlapping with the description in FIGS.
5A to SF 1n the embodiment 1. After the cathode electrode
6 1s formed 1in FIG. 7A, the mesa structure and the convex-
concave structure are formed i1n the n-type epitaxial film
layer 2 as illustrated 1n FIG. 7B. Next, as illustrated 1n FIG.
7C, the msulating film 4 1s formed on the whole upper
surface of the n-type epitaxial film layer 2.

Next, as illustrated 1n FIG. 7D, the insulating film 4 1n part
of a region 1n the concave portion 50 1n the n-type epitaxial
film layer 2 1s removed. After the insulating film 4 1is
removed, the mnsulating film 4 formed on the side surface
511 1s made to remain. Furthermore, the insulating film 4
formed on the top portion 512 1s made to remain, thus the
diffusion of the impurity from the p-type thin film layer 3
into the region near the Schottky junction region 56 1is
suppressed.

The 1nsulating film 4 1s preferably formed on the whole
surface of the side surface 511, however, the effect of the
present invention 1s achieved even when the insulating film
4 1s formed within a range other than part near the concave
portion 50 i the side surface 511. FIG. 7E illustrates a
process of forming the p-type thin film layer 3, FIG. 7F
illustrates a process of forming the opening part 513, and
FIG. 7G 1llustrates a process of forming the anode electrode

5.

The processes 1n FIG. 7E, FIG. 7F, and FIG. 7G are the
same as those 1n the description of FIGS. 5A to 5F 1n the
embodiment 1, thus the detailed description 1s omitted.
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As described above, the power semiconductor device
100a can provide the power semiconductor device 1n which

the leakage current caused by the defect layer 1s reduced and
the tluctuation 1n the threshold voltage 1s small. The power
semiconductor device which reduces the leakage current and
the tluctuation 1n the threshold voltage 1n both cases of the
forward bias and the reverse bias can be provided.

Furthermore, the insulating film 4 1s provided between the
side surface 511 and the p-type thin film layer 3, thus the
defect layer 8 1s 1nactivated, and 1n addition, the insulating
film 4 serves as the barrier layer, thus the diffusion of the
impurity into the inner portion of the n-type epitaxial film
layer 2 1s suppressed, and the fluctuation in the threshold
voltage 1s suppressed.

Embodiment 3

A power semiconductor device 1005 according to an
embodiment 3 1s an SB diode (Schottky barrier diode) 1n
which a pn junction 1s disposed as a guard ring around the
Schottky junction region 36.

Each of FIGS. 8A and 8B 1s a configuration diagram of the
power semiconductor device 1005 according to the embodi-
ment 3. An X axis, a y axis, and a z axis, which are coordinate
axes ol three-axis rectangular coordinate system are 1llus-
trated in FIG. 8A and FIG. 8B.

FIG. 8A 1s a planar view of the power semiconductor
device 100b. FIG. 8B is a cross-sectional view of the power
semiconductor device 1005 illustrating a cross section at a
surtace FE' in FIG. 8A.

The power semiconductor device 10056 1s made up of the
single crystal n-type semiconductor substrate 1. The cathode
clectrode 6 1s formed on the lower surface of the single
crystal n-type semiconductor substrate 1, and the n-type
epitaxial film layer 2, the msulating layer 4, the p-type thin
film layer 3, and the anode electrode 5 are formed 1n layers
on the upper side of the single crystal n-type semiconductor
substrate 1 1n the manner similar to the power semiconduc-
tor device 100 in the embodiment 1.

The detect layer 8 1s formed on the side surface 511 and
the mesa bottom portion 52 1n FIG. 8B due to the etching
and the orientation of the crystal surface in the manner
similar to the embodiment 1. Diflering from the power
semiconductor device 100 in the embodiment 1, the upper
surface of the n-type epitaxial film layer 2 1s made up only
of the convex portion 51 and the mesa bottom portion 52,
and only the mesa bottom portion 52 1s formed as the
concave portion 30 and the groove portion 1s not formed.

That 1s to say, as illustrated 1n FIG. 8B, the convex portion
51 having the 1sland shape and the mesa bottom portion 52
disposed between the convex portion 51 having the 1sland
shape and the outer edge 514 are formed on the upper
surface of the n-type epitaxial film layer 2. The same
reference numerals are assigned to the same constituent
clements as those illustrated in FIGS. 1A to 1C i the
embodiment 1, and the detailed description 1s omitted.

In FIG. 8B, the pn junction 1s formed 1n the side surface
511, the anode electrode 5 passes through the p-type thin
film layer 3 and the insulating film 4 to extend in the
negative direction of the y axis, and the extended portion
reaches the top portion 512. The insulating region 37 1s
disposed to separate the Schottky junction region 56 and the
edge portion 513.

Thus, the power semiconductor device 1005 can provide
the power semiconductor device which suppresses the leak-
age current caused by the defect layer and has the small
fluctuation in the threshold voltage in the manner similar to
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the power semiconductor device 100 1n the embodiment 1.
The power semiconductor device which has the small fluc-

tuation 1n the threshold voltage 1n both cases of the forward
bias and the reverse bias can be provided.

The groove portion 1s not provided in the power semi-
conductor device 1005, thus the area of the Schottky junc-
tion region 36 which 1s an area contributing to a power
distribution (an area in the surface xz) can be increased
compared with the power semiconductor device 100 on an
assumption that an outline size 1s the same.

Thus, the power semiconductor device having the small
resistance to enable the large current to flow and having
fluctuation 1n the threshold voltage can be provided.

The power semiconductor device 1005 can also suppress
the diffusion of the impurity from the p-type thin film layer
3 into the n-type epitaxial film layer 2 when the insulating
f1lm 4 1s formed on the side surface 511 as 1s the case in the
power semiconductor device 100aq 1n the embodiment 2.

A method of manufacturing the power semiconductor
device 10056 1s described next. Each of FIGS. 9A to 9F
illustrates a state after each manufacturing process of the
power semiconductor device 10056 according to the embodi-
ment 3.

Gallium oxide and the p-type microcrystal film which 1s
the p-type oxide semiconductor are used as the single crystal
n-type semiconductor substrate 1 and the p-type thin film
layer 3 1n the manner similar to the power semiconductor
device 100 in the embodiment 1. As 1llustrated in FIG. 9A,
the cathode electrode 6 and the n-type epitaxial film layer 2
are formed, and as 1llustrated 1n FIG. 9B, the insulating film
4 1s formed on the upper surface of the n-type epitaxial film
layer 2.

Next, as 1llustrated 1n FI1G. 9C, etching 1s performed using
the msulating film 4 as a mask to form the mesa structure in
the n-type epitaxial film layer 2. FI1G. 9D 1illustrates a process
of forming the p-type thin film layer 3, and FIG. 9F
illustrates a process of forming the opening part 315. The
processes 1n FIG. 9D and FIG. 9F are similar to those in the
embodiment 1, thus the detailed description 1s omitted.
Described above 1s the process of manufacturing the power
semiconductor device 100b.

As described above, according to the present embodi-
ment, the power semiconductor device which suppresses the
leakage current caused by the defect layer and has the small
fluctuation 1n the threshold voltage can be provided. The
power semiconductor device which has the small fluctuation
in the threshold voltage 1n both cases of the forward bias and
the reverse bias can be provided.

Furthermore, the power semiconductor device having the
small resistance to enable the large current to flow and
having fluctuation in the threshold voltage can be provided.

Embodiment 4

A power semiconductor device 100c¢ according to an
embodiment 4 1s an SB diode (Schottky barrier diode) as 1s
the case 1n the power semiconductor device 1005. In the
power semiconductor device 1005, the msulating region 57
1s disposed around the Schottky junction region 356, and the
pn junction 1s disposed around the insulating region 57.

In the meanwhile, 1n the power semiconductor device
100c¢, the pn junction 1s formed around the Schottky junction
region 56. The pn junction serves as a guard ring enlarging
the depletion layer to a side of the Schottky electrode and
outside to reduce the electrical field in the end portion of the
Schottky electrode and the Schottky junction interface.
When the insulating region 57 1s formed around the pn
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junction and a field plate structure 1s formed via the insu-
lating film 4, the depletion layer 1s further enlarged, thereby
reducing the electrical field i the end portion of the
Schottky electrode and improving a withstand voltage of the
power semiconductor device 100c. Each of FIGS. 10A to
10C 1s a configuration diagram of the power semiconductor
device 1006 according to the embodiment 4.

FIG. 10A 1s a planar view of the power semiconductor

device 100¢. FIG. 10B and FIG. 10C are cross-sectional

views of the power semiconductor device 100¢ each 1illus-
trating a cross section at a surface FF' in FIG. 10A. An x
axis, a y axis, and a z axis, which are coordinate axes of

three-axis rectangular coordinate system are illustrated in
FIG. 10A, FIG. 10B, and FIG. 10C.

FIG. 10B and FIG. 10C are illustrated to simply indicate

the reference numerals and lead lines. Some of the reference
numerals and the lead lines are indicated 1n only one of FIG.
10B and FIG. 10C, and are omitted in the other one thereof.
The same reference numerals are assigned to the same
constituent elements or the corresponding constituent ele-
ments as those illustrated 1n FIGS. 1A to 1C 1n the embodi-
ment 1.

The power semiconductor device 100¢ 1s made up of the
single crystal n-type semiconductor substrate 1. The cathode
clectrode 6 1s formed on the lower surface of the single
crystal n-type semiconductor substrate 1, and the n-type
epitaxial film layer 2 1s formed on the upper side of the
single crystal n-type semiconductor substrate 1 1n the man-
ner similar to the power semiconductor device 100 in the
embodiment 1. The n-type epitaxial {ilm layer 2 includes the
concave portion 30 and the convex portion 51.

The 1msulating film 4 1s formed on part of the top portion
512 of the convex portion 51 1n the manner similar to the
power semiconductor device 100. Part of the n-type epi-
taxial film layer 2 where the insulating film 4 1s formed 1s
referred to as the insulating region 57. The p-type thin film
layer 3 1s formed on the surface of the insulating film 4 and
the surface of the n-type epitaxial film layer 2, and forms the
pn junction between the p-type thin film layer 3 and the
n-type epitaxial film layer 2. The region in the n-type
epitaxial film layer 2 where the pn junction i1s formed
between the n-type epitaxial film layer 2 and the p-type thin
film layer 3 1s referred to as the pn junction region 35 as 1s
the case in the embodiment 1.

The anode electrode 5 1s formed on each upper surface of
the n-type epitaxial film layer 2, the p-type thin film layer 3,
and the insulating {ilm 4. Part of the anode electrode 5 passes
through the p-type thin film layer 3 and the insulating film
4, and forms the Schottky junction between the anode
clectrode 5 and the n-type epitaxial film layer 2 in the
Schottky junction region 56. The pn junction region 55 1s
located between the Schottky junction region 56 and the
insulating region 57, and the pn junction region 35 1is
disposed to separate the Schottky junction region 56 and the
insulating region 57.

The detect layer 8 1s formed on the side surface 511 and
the mesa bottom portion 52 1n FIG. 10B and FIG. 10C due
to a state where etching 1s performed in the manufacturing
process and the crystal plane direction 1n part of the surface
of the n-type epitaxial film layer 2 not parallel to the surface
xz 1s a direction 1n which the defect readily occurs when the
n-type epitaxial film layer 2 1s bonded to the other material,
for example, in the manner similar to the power semicon-
ductor device 100 1n the embodiment 1. Differing from the
power semiconductor device 100 in the embodiment 1, the
upper surface of the n-type epitaxial film layer 2 1s made up
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only of the convex portion 51 and the mesa bottom portion
52, and the groove portion 1s not included i1n the power
semiconductor device 100c.

That 1s to say, as 1llustrated 1n FIG. 10B and FIG. 10C, the
convex portion 51 having the 1sland shape 1s formed on the
upper surface of the n-type epitaxial film layer 2, and the
mesa bottom portion 52 1s formed between the convex
portion 51 and the outer edge 514. In FIG. 10B, the
insulating film 4 1s formed on the side surface 511 and the
mesa bottom portion 52. Furthermore, the p-type thin film
layer 3 and the insulating film 4 are formed on the top
portion 512 of the convex portion 51.

The anode electrode 5 1s formed on each upper surface of
the n-type epitaxial film layer 2, the insulating film 4, and the
p-type thin film layer 3. Part of the anode electrode S passes
through the p-type thin film layer 3 and the insulating film
4, extends 1n the negative direction of the y axis from the
upper surface of the p-type thin film layer 3, and reaches the
top portion 512 of the n-type epitaxial film layer 2. The
Schottky junction region 356 1s formed in a junction part
between the anode electrode 5 and the n-type epitaxial film
layer 2.

The pn junction region 55 which 1s a junction part
between the p-type thin film layer 3 and the n-type epitaxial
film layer 2 1s formed around the Schottky junction region
56 1n the surface xz. The insulating region 57 1s formed to
separate the Schottky junction region 56 and the edge
portion 513. The anode electrode 5 1s formed on the upper
surface of the insulating film 4 on part of the upper surface
of the side surface 511 and part of the upper surface of the
mesa bottom portion 52.

The part of the anode electrode 5 on the upper surface of
the msulating film 4 formed on the side surface 511 and the
mesa bottom portion 52 serves as a field plate. That 1s to say,
this part of the anode electrode 35 draws electrons, which are
in the mnner portion of the n-type epitaxial film layer 2 to be
carriers, to a side of the insulating film 4, and contributes to
the enlargement of the depletion layer 1n the iner portion of
the n-type epitaxial film layer 2 at the time of the reverse
bias. The depletion layer spreads from the Schottky junction
region 56 to the side surface 511 and further to the mesa
bottom portion 52. As a result, the field intensity in the
Schottky junction region 56 can be reduced.

The 1nsulating region 57 1s formed to separate the
Schottky junction region 56 and the edge portion 513, thus
the leakage current caused by the defect layer 8 formed on
the side surface 511 can be reduced. Thus, the power
semiconductor device 100¢ can provide the power semicon-
ductor device which suppresses the leakage current caused
by the defect layer 8 and has the small fluctuation 1n the
threshold voltage 1n the manner similar to the power semi-
conductor device 100 in the embodiment 1. The power
semiconductor device which reduces the fluctuation 1n the
threshold voltage in both cases of the forward bias and the
reverse bias can be provided.

The pn junction region 55 i1s located adjacent to the
Schottky junction region 56, thus the depletion layer 1s
enlarged in the reverse bias. In the forward bias 1n the low
voltage, the msulating film 4 and the p-type thin film layer
3 have the eflect of suppressing the spread of the electrical
field 1n the mmner portion of the n-type epitaxial film layer 2
into the side surface 511 and reducing the leakage current
caused by the defect layer 8 formed on the side surface 511.
The pn junction described above enhances this eflect, thus
has the effect of further reducing the leakage current.

A process of manufacturing the power semiconductor

device 100c¢ 1s described next. Each of FIGS. 11A to 11F
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illustrates a state after each manufacturing process of the
power semiconductor device 100¢ according to the embodi-
ment 4. FIG. 11A to 11F do not illustrate a coordinate
system, however, the manufacturing process 1s described on
an assumption that coordinate axes each having the same °
direction as the coordinate axes 1n FIG. 10B are illustrated

in FIG. 11A to FIG. 11F.

Galllum oxide and the p-type microcrystal film are used
as the single crystal n-type semiconductor substrate 1 and
the p-type thin film layer 3, respectively, in the manner
similar to the power semiconductor device 10056 1n the
embodiment 3. The p-type microcrystal film 1s the p-type
ox1de semiconductor. As illustrated in FIG. 11A, the cathode
clectrode 6 and the n-type epitaxial film layer 2 are formed 15
on the lower side and the upper side of the single crystal
n-type semiconductor substrate 1, respectively. Then, as
illustrated 1n FIG. 11B, the msulating {ilm 4 1s formed on the

upper surface of the n-type epitaxial film layer 2.

Next, as 1llustrated 1n FIG. 11C, formed 1s an opening part =

516 passing through the insulating film 4 to reach the n-type
epitaxial film layer 2 from part of the upper surface of the
insulating film 4 formed on the convex portion 51. More-
over, as illustrated in FIG. 11D, the p-type thin film layer 3
1s formed on the whole opening part 316 and upper suriace

of the mnsulating film 4. Furthermore, as 1illustrated in FIG.
11E, an opening part 317 having a depth to reach the n-type
epitaxial film layer 2 1s formed 1n the p-type thin film layer

3 formed on the convex portion 31. In the surface xz, the 30
opening part 517 1s included in the opening part 516. That

1s to say, the opening part 517 1s formed so that the whole
opening part 517 1s located inside the opening part 516 when
seen from the vy axis direction. The p-type thin film layer 3
formed on the mesa bottom portion 52 and the side surface 3>
511 1s removed at the same time.

Furthermore, as illustrated in FIG. 11F, the anode elec-
trode 5 1s formed on the upper surface of the insulating film
4 where the opening part 317 1s formed and the upper ,,
surface of the n-type epitaxial film layer 2. The process of
forming the anode electrode 5 1s similar to that i the
embodiment 1, thus the detailed description 1s omatted.
Described above 1s the process of manufacturing the power
semiconductor device 100c. 45

As described above, according to the present embodi-
ment, the power semiconductor device which suppresses the
leakage current caused by the defect layer and has the small
fluctuation 1n the threshold voltage can be provided also 1n
the configuration adopting the field plate structure. The
power semiconductor device having the small fluctuation in
the threshold voltage 1n both cases of the forward bias and
the reverse bias can be provided.

50

The embodiments described above can be applied in 55
combination.

EXPLANATION OF REFERENCE SIGNS

60
1 single crystal n-type semiconductor substrate, 2 n-type
epitaxial film layer, 3 p-type thin film layer, 4 insulating film,
5 anode electrode, 6 cathode electrode, 50 concave portion,
51 convex portion, 56 Schottky junction region, 57 insulat-
ing region, 100, 100a, 1005, power semiconductor device, 65
511 side surface, 512 top portion, 513 edge portion, 514
outer edge.
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The mnvention claimed 1s:

1. A power semiconductor device, comprising:

a single crystal n-type semiconductor substrate;

an n-type epitaxial film layer formed on a surface of the
single crystal n-type semiconductor substrate and hav-
ing a concave portion and a convex portion;

a cathode electrode formed on a surface on an opposite
side of the surface of the single crystal n-type semi-
conductor substrate;

an insulating {ilm formed on a first region 1n a top portion
of the convex portion;

a p-type thin film layer formed on a surface of the
insulating film and a surface of the n-type epitaxial film
layer to form a pn junction between the p-type thin film
layer and the n-type epitaxial film layer; and

an anode electrode, at least part of which 1s formed on a
surface of the p-type thin film layer and part of which
passes through the p-type thin film layer and the
insulating {ilm to form a Schottky junction between the
anode electrode and the n-type epitaxial film layer on
the top portion of the convex portion 1n a second region
separated from an edge portion of the top portion by the
first region.

2. The power semiconductor device according to claim 1,

wherein

a first convex portion having m 1sland shape 1s formed on
the surtface of the n-type epitaxial film layer and the
concave portion 1s formed on the surface of the n-type
epitaxial film layer between the first convex portion and
an outer edge of the n-type epitaxial film layer.

3. The power semiconductor device according claim 1,

wherein

the top portion of the convex portion of the n-type
epitaxial film layer 1s located above part of the anode
clectrode formed on the surface of the p-type thin film
layer formed on a surface of the concave portion.

4. The power semiconductor device according to claim 1,

wherein

the mnsulating film 1s formed 1n contact with a side surface
of the convex portion.

5. The power semiconductor device according to claim 1,

wherein

the single crystal n-type semiconductor substrate and the
n-type epitaxial film layer are formed of an identical
material.

6. The power semiconductor device according to claim 1,

wherein

a hetero junction i1s formed between the p-type thin {ilm

layer and the n-type epitaxial film layer, and the hetero
junction 1s formed around the Schottky junction on an
upper surface of the n-type epitaxial film layer.

7. The power semiconductor device according to claim 1,

wherein

the n-type epitaxial film layer 1s made of gallium oxide.

8. The power semiconductor device according to claim 7,

wherein

the p-type thin film layer contains one of copper 1 oxide,
silver I oxide, nickel oxide, and tin I oxide, or contains
one ol copper I oxide, silver I oxide, nickel oxide, and
tin I oxide as a main component having a highest
composition ratio and further contains another material
having a smaller composition ratio than the main
component.

9. The power semiconductor device according to claim 1,

wherein

the p-type than film layer 1s 1n a microcrystal state or an
amorphous state.
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10. The power semiconductor device according to claim

1, wherein

a difference of diffusion potential between the p-type thin
film layer and the n-type epitaxial film layer 1s larger
than a diflerence between a work function of the anode

24

a cathode electrode formed on a surface on an opposite
side of the surface of the single crystal n-type semi-
conductor substrate;

an insulating film formed on a first region 1n a top portion

. S > of the convex portion;
lelectrode and a ferm level of the n-type epitaxial ilm a p-type thin film layer formed on a surface of the
e insulating film and a surface of the n- itaxial fil
11. The power semiconductor device according to claim 111811 atlnfg HLane d Sl{[. ac; Otw . nﬂtly P& Cpt afhl?l ﬁlm
1, wherein layer O dOI'El apn junction "31 ﬁ?enl S p-typg in {ilm
the diffusion potential between the p-type thin film layer 10 aver and the n-type epitaxial lm tayel: » dll
and the n-type epitaxial film layer 1s larger than 1.5 eV. an anode electrode, at leasft part of which 1s formed o d
12. The power semiconductor device according to claim surface of the p-fype thin 11lm liaver and part ol WhJ,Ch
1, wherein passes. through the p-type thin .ﬁlm. layer and the
the p-type thin film layer is formed on the surface of the isulating {ilm to form a Schottky junction between‘t_le
insulating film and a bottom portion of the concave 13 anode elecj[rode and the n-type epitaxial ﬁ_lm layer in a
portion and a side surface of the convex portion of the Secqnd ICgion Sepal‘ateq from an edge portion of the top
n-type epitaxial film layer to form the pn junction hport.lon by the first region,
between the p-type thin film layer and the n-type WACTEL . . .
epitaxial film layer. a first convex portion having an 1sland sha.pe and one or
13. The power semiconductor device according to claim »g a plurality of annular second convex portions surround-

ing the first convex portion are formed on the surface

1, wherein the Schottky junction between the anode elec-
trode and the n-type epitaxial film layer on the top portion
of the convex portion 1n a second region 1s surrounded and
separated from the edge portion of the top portion by the
insulating film of the first region. 75
14. A power semiconductor device, comprising:
a single crystal n-type semiconductor substrate;
an n-type epitaxial film layer formed on a surface of the
single crystal n-type semiconductor substrate and hav-
ing a concave portion and a convex portion; S I

of the n-type epitaxial film layer, the concave portion 1s
formed between the first convex portion and the second
convex portion or between the second convex portion
and the second convex portion, and the concave portion
1s formed between an outer periphery of the second
convex portion located 1n a position closest to an outer
edge of the n-type epitaxial film layer and the outer
edge.
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